INTRODUCTION
============

Keloid disorder (KD) is a fibroproliferative condition associated with excessive dermal collagen deposition into the extracellular matrix (ECM), in response to wounding of the skin.^[@R1],[@R2]^ In contrast to hypertrophic scars, keloid lesions (KLs) extend beyond the boundaries of the original wound and rarely regress. The most common sites of predilection for KLs are the anterior chest, shoulders, upper back, and earlobes.^[@R3]^ These lesions present as firm, shiny, rubbery lesions and are often associated with pruritus, pain, disfigurement, and joint contracture.^[@R4]^ Disfiguring KLs can lead to profound functional and psychological sequelae, impacting the patient's quality of life.^[@R5],[@R6]^

KLs can occur in individuals of any ethnicity but it is most prevalent in patients with darker skin pigmentation especially those of African descent with an incidence of 6%--16%.^[@R3],[@R7]^ Conversely, KLs are extremely rare in albinos.^[@R8]^ KD affects men and women equally, with a peak age of onset of 10--30 years.^[@R3],[@R9]^ Several studies investigating patients with a positive family history of KD suggest a predominantly autosomal dominant pattern of inheritance with incomplete penetrance in the predisposition.^[@R10],[@R11]^ Additionally, human leukocyte antigens polymorphisms have been implicated in KD.^[@R12]^ Two genome-wide association studies have also isolated 4 single-nucleotide polymorphisms associated with KD.^[@R11],[@R13],[@R14]^

The mainstay treatment for KLs includes intralesional corticosteroid injections, either as a monotherapy or in combination with other treatment modalities^[@R15]^ including cryotherapy, 5-flurouracil, radiotherapy, laser therapy, surgical excision, or silicon occlusive dressing. Despite a plethora of treatment options, the outcome of the treatment is often unsatisfactory with recurrence rates of 45%--100%.^[@R16],[@R17]^

Stem cells are cells that possess unlimited self-renewal capacity and the ability to give rise to daughter cells capable of undergoing differentiation into specialized differentiated cells.^[@R18],[@R19]^ There is increasing evidence of the involvement of stem cells, the renin-angiotensin system (RAS), and the immune system, in the pathogenesis of KD.^[@R20],[@R21]^

This review outlines the characteristic of the major cell populations within KLs, focuses on the role of stem cells and their potential roles in the generation of the aberrant fibroblasts and myofibroblasts, the RAS, and the immune system, in KD.

FIBROBLASTS AND MYOFIBROBLASTS
==============================

Histologically, KLs are composed of thick, hyalinized, eosinophilic bundles of types I and III collagen fibers within a mucinous ECM.^[@R1]^ (Fig. [1](#F1){ref-type="fig"}). Fibroblasts and myofibroblasts, which are the most dominant cell types within KLs, are responsible for collagen production and wound contraction, respectively. Keloid-derived fibroblasts differ in phenotype from their normal counterparts by being more resistant to apoptosis and express more type I collagen, α-smooth muscle actin (α-SMA), and transforming growth factor-β1 (TGF-β1)-activator thrombospondin.^[@R22]^

![Hematoxylin & eosin staining of keloid tissue demonstrating the abundant collagen deposition within the dermis and the presence of the keloid-associated lymphoid tissues containing microvessels and inflammatory cells (inset), just beneath the epidermis. Original magnification: 200×.](gox-7-e2228-g001){#F1}

The origin of myofibroblasts and fibroblasts in KLs has not been fully elucidated. Exaggerated release of both TGF-β1 and interleukin-6 has been implicated in the pathogenesis of other types of organ-related fibrotic diseases.^[@R23]--[@R26]^ Overproduction of TGF-β1, normally responsible for regulating fibroblasts, results in increased proliferation of fibroblasts and their subsequent differentiation into myofibroblasts, culminating in excessive production of ECM and formation of the persistent pathological scar (Fig. [2](#F2){ref-type="fig"}). These aberrant fibroblasts and myofibroblasts may originate from mesenchymal stem cells (MSCs) through a process of epithelial-to-mesenchymal transition or endothelial-to-mesenchymal transition (EndoMT), or from bone marrow mesenchymal precursors, as proposed for Dupuytren's disease.^[@R27],[@R28]^

![A proposed model of keloid disorder demonstrating the potential source of dysregulated fibroblasts and myofibroblasts, characteristic of keloid lesions. Following an injury, the embryonic stem cells (ESC)-like cells on the endothelium of the microvessels give rise to mesenchymal stem cells (MSCs) through a process of endothelial-to-mesenchymal transition (Endo-MT) induced by cytokines such as transforming growth factor-β1 (TGF-β1). These MSCs undergo differentiation into aberrant fibroblasts and myofibroblasts, characteristic excessive extracellular matrix deposition, and fibrosis seen in keloid lesions. This process is regulated by the renin-angiotensin system (RAS) and the immune system/inflammatory process. Through Endo-MT, these aberrant fibroblasts and myofibroblasts may also be derived from circulating MSCs and fibrocytes from the bone marrow which migrate to the target tissues.](gox-7-e2228-g002){#F2}

MESENCHYMAL STEM CELLS
======================

MSCs are multipotent stem/progenitor cells with restricted differentiation capability and capacity for self-renewal.^[@R29]^ These cells are defined by their capacity to differentiate down-specific lineages in vitro, into a variety of phenotypically mature and functional cells such as osteoblasts, chondrocytes, fibrocytes, and adipocytes. These processes are influenced by stimuli from their microenvironmental *niche*. MSCs are characterized by their ability to adhere to plastic, expression of CD73, CD90, and CD105 cell surface markers, and the lack of endothelial or hematopoietic surface markers such as CD34.^[@R30]^

MSCs play a vital role in attenuating inflammation and fibrosis, ultimately promoting wound healing.^[@R31]^ Such properties have been observed in models simulating inflammation-related fibrotic conditions such as renal and lung fibrosis and liver cirrhosis.^[@R24]--[@R26]^

MSCs have been isolated from the bone marrow, umbilical cord blood, placenta, and adipose tissues.^[@R29]^ More recently, the origin of MSCs has been linked to embryonic stem cells (ESCs) that are derived from the inner cell mass of blastocyst and they possess pluripotent capabilities.^[@R32]^ Several groups have successfully induced differentiation of human ESCs (hESCs) into MSCs which, in turn, differentiate into adipocytes, osteocytes, chondrocytes, and myocytes.^[@R33]^ Findings of Lee et al.^[@R34]^ suggest that neural crest cells that differentiated from the hESCs at the neural rosette stage are endowed with the plasticity for differentiation to the MSCs precursors.

EMBRYONIC STEM CELL-LIKE CELLS
==============================

Bagabir et al.^[@R35]^ report the presence of keloid-associated lymphoid tissues (KALTs) located just deep to the epidermis of KLs. These KALTs consist of aggregations of T cells expressing CD3 and CD4, B cells expressing CD20, macrophages expressing CD68 and CD163, and mast cells expressing *c-kit*, tryptase, and OX40L-FITC.^[@R35]^ Zhang et al.^[@R36]^ have identified a population of cells expressing elevated levels of the ESC markers Octamer-4 and stage specific embryonic antigen-4 (OCT4) randomly distributed in the dermal layer of keloid tissue suggesting the presence of keloid-derived stem cells in persistent pathological scars. We have recently demonstrated a primitive population of cells that expresses ESC markers OCT4, NANOG, SOX2, and pSTAT3, localized to the endothelium of microvessels and perivascular cells within the KALTs in KLs.^[@R20]^ We propose this putative ESC-like population as a potential source of the aberrant myofibroblasts and fibroblasts^[@R20],[@R35],[@R36]^ through a MSC intermediate.

Elevated levels of the cytokines interleukin-6 and interleukin-17 have been shown to increase the number of benign tumor-like stem cells and have been implicated in the provision of an inflammatory *niche* within KLs.^[@R36]^ It has been proposed that exposure to the inflammatory microenvironment can trigger the production of a MSC intermediate which is able to differentiate into keloid fibroblasts and myofibroblasts.

ENDOTHELIAL-TO-MESENCHYMAL TRANSITION
=====================================

EndoMT is a complex process by which endothelial cells lose their unique surface markers, such as CD31 and vascular endothelial cadherin, and express products that are specific to MSCs or myofibroblasts such as α-SMA, vimentin, and type I collagen^[@R27],[@R37]^ (Fig. [2](#F2){ref-type="fig"}). EndoMT shares many similarities with the traditional epithelial-to-mesenchymal transition. Both processes utilize the same signaling pathway and culminate in the production of cells with mesenchymal phenotypes.^[@R38]^ This phenotypic transformation is induced by a variety of cytokines, including TGF-β, secreted by chronic inflammatory cells such as macrophages and lymphocytes through the upregulation of the transcription factors Snail, Slug, and Twist. After losing their cell-cell adhesion, the newly formed mesenchymal cells are highly migratory and are able to infiltrate surrounding tissues.

EndoMT is essential for the structural development of the valves and septa of the heart during embryonic development.^[@R25]^ Several studies have shown the involvement of EndoMT in pathological tissue fibrosis affecting the kidney, heart, and lung.^[@R39],[@R40]^

Lee et al.^[@R27]^ have demonstrated expression of the endothelial marker CD31 and the mesenchymal marker vimentin, by the endothelial cells of microvessels in the dermis of keloid tissue. Furthermore, they are able to induce EndoMT in human dermal microvascular endothelial cells using wingless protein (Wnt-3a) which suggests that keloid myofibroblasts may be of an endothelial origin. We propose that the differentiation of the ESCs-like cells by an EndoMT process through an MSC intermediate is responsible for the genesis of these aberrant fibroblasts and myofibroblasts (Fig. [2](#F2){ref-type="fig"}).

THE RENIN-ANGIOTENSIN SYSTEM
============================

The RAS is an endocrine system that physiologically regulates cardiovascular homeostasis and electrolyte balance.^[@R41]^ A decrease in renal perfusion causes the juxtaglomerular cells in the kidneys to release the enzyme renin. Renin then induces the proteolytic cleavage of angiotensinogen to produce angiotensin I which is in turn converted to angiotensin II (ATII) by angiotensin-converting enzyme (ACE). ATII is a potent vasoactive hormone that acts through 2 main receptors namely angiotensin II receptor 1 (ATIIR1) and angiotensin II receptor 2 (ATIIR2). ATIIR1 mediates most of the classical cardiovascular and renal effects of ATII, namely blood pressure regulation and water and sodium homeostasis.^[@R42]^ ATIIR1 modulates the immune and inflammatory response locally resulting in the recruitment of inflammatory cells, cellular proliferation, and accumulation of ECM.^[@R42]^ ATIIR2 has opposing actions to that of ATIIR1.^[@R43]^

ATII is known to induce fibrosis in multiple organ systems through ATIIR1 signaling. This profibrotic process occurs both independently and in the presence of TGF-β, ultimately leading to cardiac, liver, and pulmonary fibrosis and systemic sclerosis.^[@R44]^ Research has established a positive association between increased expression of ATII and the development of pathological scarring.^[@R45],[@R46]^ Stawski et al. investigated the profibrotic potential of ATII using mouse models and demonstrated induction of dermal inflammation and fibrosis in the skin via MCP1 upregulation and the accumulation of fibroblasts.^[@R47]^ Additionally, blockage of ATII receptors by competitive ATIIR1 antagonists has been shown to significantly reduce the pliability and vascularity of KLs and hypertrophic scars.^[@R48]^ Furthermore, the RAS has been implicated in the regulation of stem cell proliferation and differentiation, giving rise to dysregulated fibroblasts.^[@R49]^

We have recently demonstrated the expression of components of the RAS: pro-renin receptor, ACE, ATIIR1, and ATIIR2 by the ESC-like population on the endothelium of the microvessels and perivascular cells within the KALTs in KLs.^[@R21]^ Recent reports documenting improvement of KLs following treatment for mild hypertension with low-dose enalapril, an ACE inhibitor, further support a role for the RAS in KD.^[@R50]^ This suggests that the primitive population could be a novel therapeutic target by modulation of the RAS using existing medications. We have also demonstrated the expression of cathepsins B, D, and G by the ESC-like population within KLs, suggesting the existence of bypass loops for the RAS.^[@R51]^ These findings underscore the potential development of more effective modulation of the RAS, using existing medications.

IMMUNE SYSTEM AND INFLAMMATION
==============================

Inflammation is a protective response initiated by the body's immune system when exposed to pathogens, infection, external injuries, or tissue stress.^[@R52]^ This defence mechanism is mediated by immune cells such as macrophages, mast cells, and T cells through the collaborative effect of both the innate and adaptive immune system. The innate immune system is a nonspecific, immediate, and broad response which acts as the first-line of defence against foreign microorganisms.^[@R53]^ The phagocytic macrophages, in response to bacterial constituents, engulf the bacterium and induce the secretion of cytokines and chemokines such as IL-1, IL-12, IL-23, and tumor necrosis factor-α (TNF-α). These proteins attract neutrophils and monocytes and initiate the inflammation process. Furthermore, the innate system plays a vital role in the activation of the adaptive immunity. Dendritic cells facilitate the adaptive response by endocytosing pathogens and acting as antigen presenting cells for the antigen-specific circulating naive T lymphocytes.^[@R54]^ This results in their clonal expansion and differentiation into effector cells. Some of these cells persist after the sensitizing antigen has been eliminated and are then identified as memory cells. They form the foundation for immunological memory and facilitate a more rapid and effective host response against specific pathogens when they are reencountered. There has also been increasing evidence for an important role for both the innate and adaptive immune system in tissue regeneration and repair.^[@R55]^

Inflammation is known to regulate several stem cell *niches*. MSCs have been shown to suppress the immune system through interferon-γ and the concomitant presence of the pro-inflammatory cytokines TNF-α, IL-1α, or IL-1β.^[@R56]^ In a rat experimental bowel fibrosis model, treatment with anti-TNF-α demonstrates a reduction in inflammation, and fibrosis and a decreased expression of pro-collagen TGF-β and insulin growth factors suggesting a possible direct pro-fibrotic effect on myofibroblasts by TNF-α.^[@R57]^ Additionally, selective administration of interferon-γ, a hallmark of the Th1 immune response, to myofibroblasts in an experimental renal fibrosis model, results in amelioration of fibrosis with reduced collagen synthesis and α-SMA production.^[@R58]^ This immunosuppressive property allows MSCs to bypass allogenic barriers and regulate hematopoietic homeostasis within the bone marrow. When exposed to the inflammatory *milieu*, MSCs produce growth factors such as TGF-β, epidermal growth factor, fibroblast growth factor, platelet-derived growth factor, vascular endothelial growth factor, and insulin growth factor. In turn, these compounds encourage tissue repair by stimulating a cascade of molecular events consisting inhibition of inflammatory responses, increased activity of endothelial cells and fibroblasts, and the proliferation and differentiation of tissue progenitor cells.^[@R59]^

Fu et al.^[@R60]^ have demonstrated that activated T cells, in in vitro models, simulate skeletal muscle injury and initiate muscle regeneration, through direct regulation and expansion of skeletal muscle stem cells. This further illustrates the crosstalk interaction between the inflammatory response and stem cells, thus opening possibilities for restoring tissue integrity through the regulation of the inflammatory response and its proposed effects on ESC differentiation.

CONCLUSIONS
===========

Current treatment for KD is unsatisfactory. There is accumulating evidence demonstrating the involvement of an ESC-like population within the KALTs, which gives rise to aberrant fibroblasts and myofibroblasts, via an MSC intermediate, by an endoMT process. The expression of components of the RAS, and cathepsins B, D, and G, by this ESC-like population suggests a critical role for the RAS in regulating this primitive population. There is also increasing evidence of the involvement of the immune system and inflammatory response in stem cell dysregulation. Understanding the complex signaling pathways involved in the regulation of the disease-specific stem cells will lead to novel treatment of this hitherto unsolved medical problem.

Published online 16 May 2019.

**Disclosure:** Drs. Itinteang, Davis, and Tan are inventors of a provisional patent application Treatment of Fibrotic Conditions (PCT/NZ2016/050187). The authors are otherwise not aware of any commercial associations or financial relationships that might pose or create a conflict of interest with information presented in any submitted manuscript. Mr. Lim has no financial interest to declare in relation to the content of this article.
